Introduction
============

The neuronal ceroid lipofuscinoses (NCLs) collectively constitute one of the most common forms of inherited childhood-onset neurodegenerative disorders. They form a heterogeneous group of incurable lysosomal storage diseases that lead to blindness, epilepsy, dementia, and motor deterioration. Traditionally, the NCL diseases were classified according to the age at disease onset, ie, in infantile, late-infantile, juvenile, and adult form.[@b1-dnnd-6-073] Although Batten disease was usually regarded as the juvenile form of NCL, some physicians used, and still use, the term "Batten disease" to describe all forms of NCL. Over the past 20 years, it has become apparent that the diseases are more heterogeneous and today, at least 14 different NCL forms have been described.[@b2-dnnd-6-073] In addition, mutations in the same gene may lead to different disease courses.[@b3-dnnd-6-073] Recently, an international NCL nomenclature has been developed that identifies each NCL disease both genetically and clinically.[@b1-dnnd-6-073],[@b4-dnnd-6-073] This nomenclature classifies both the defective gene and the age of onset (infantile, late-infantile, juvenile, and adult).[@b2-dnnd-6-073] The present review focuses on classic juvenile NCL (JNCL), which is due to mutations in the *CLN3* gene. A juvenile onset has also been described due to mutations in the *CLN1* gene, which most generally give rise to the classic infantile subtype of NCL. A strategy and algorithm of diagnostic investigations once NCL with juvenile onset is suspected is addressed in the latter part of the article.

Historical cases of JNCL
========================

The first clinical description of patients who may have suffered from JNCL was published in 1826 by a Norwegian clinical practitioner -- Otto Christian Stengel.[@b5-dnnd-6-073] He observed what he called a "singular illness" in four children of a local family. Following an unremarkable early development, their sight began to deteriorate. Within years, the disease led to blindness, progressive mental deterioration, loss of speech, and epileptic seizures. The two oldest siblings died at the ages of 20 and 21 years, respectively. No autopsies were performed, but in retrospect the clinical features were thought to be compatible with JNCL. This report remained unnoticed until the 1950s, after the English pediatrician and neurologist Frederick Batten (1865--1918), the German neuropathologist Walther Spielmeyer (1879--1935), the German neurologist Heinrich Vogt (1875--1936), and the Swedish psychiatrist Torsten Sjögren (1896--1974), in the first 3 decades of the 20th century separately had described further similar studies of familial cases with progressive loss of vision and psychomotor deterioration supplemented with neuropathological investigations, which showed intraneuronal accumulation of granular material with lipid-like staining qualities.[@b6-dnnd-6-073] It was not until the late 1960s that Zeman and Dyken[@b7-dnnd-6-073] proposed the new term "neuronal ceroid lipofuscinosis", in order to distinguish these progressive diseases from Tay--Sachs disease and other gangliosidoses after they had demonstrated that the storage material was largely resistant to lipid solvent and bore a striking resemblance to the autofluorescent lipopigments ceroid and lipofuscin. In addition, the storage material showed curvilinear and fingerprint ultrastructural patterns. The juvenile type of NCL (NCL3) was linked to the haptoglobin locus on the long arm of chromosome 16 in 1989, and by positional cloning the gene *CLN3* was isolated in 1995.[@b8-dnnd-6-073]

The *CLN3* gene and the CLN3 protein battenin
=============================================

The *CLN3* gene encodes a hydrophobic integral membrane protein (CLN3 -- battenin) of 438 amino acids.[@b8-dnnd-6-073] The proposed functions of the CLN3 protein include lysosomal acidification, lysosomal arginine import, membrane fusion, vesicular transport, cytoskeletal-linked functions, autophagy, and apoptosis. The protein is expressed ubiquitously, and has been localized mostly in the endosomal/lysosomal compartment, in the plasma membrane, and in the synaptosomal fraction of neuronal cells. It is a highly conserved protein, and is present in small invertebrate animals such as *Drosophila* and in worms.

Currently, there are more than 60 mutations (<http://www.ucl.ac.uk/ncl/mutation.shtml>) known to cause JNCL, the most common of which is a 1.02 kB deletion that removes exons 7 and 8 and which occurs in 85% of patients.[@b3-dnnd-6-073] Although not demonstrated in studies investigating the genotype--phenotype association among individuals that are homozygote or compound heterozygote for the *CLN3* deletion, there is some evidence of a correlation between *CLN3* genotype and clinical disease phenotype.[@b9-dnnd-6-073] In all cases of NCL caused by mutations in *CLN3*, visual failure has occurred by the age of 10 years, suggesting the importance of battenin in the retina. Most recently, certain mutations in *CLN3* have been identified as a novel nonsyndromic retinal disease, with all patients who carry these mutations showing retinal degeneration phenotypes but without additional signs of JNCL.[@b10-dnnd-6-073]

Human pathology
===============

Pathological features of extracerebral tissues have been of diagnostic use for decades. In lymphocytes, vacuoles, which either look empty or contain solid material, can be observed. Sudan black-positive material and autofluorescence can be detected in skin biopsies (endothelial cells, sweat-gland epithelia, smooth-muscle cells), in skeletal muscle cells, and in ganglionic neurons following rectal biopsies.

Histological studies of eyes from patients with JNCL have shown that the retina is uniformly thinned, with severe loss of the photoreceptor and outer-nuclear and outer-plexiform layers in the macula and mid-periphery areas. In addition, there is atrophy of the nerve-fiber layer and ganglion cells and significant gliosis of the optic nerve.[@b11-dnnd-6-073] Autofluorescent cytoplasmic ceroid granules accumulate predominantly in the photoreceptor-cell layer and in the retinal ganglion cells. Autofluorescence is prominent in the epithelial cells of the conjunctiva and ciliary body as well, but not in the cornea. Though not well characterized, an element of inflammation is hypothesized to be associated with JNCL retinal changes, with observation of cell infiltration in the vitreous and of antiretinal antibody reactivity.[@b12-dnnd-6-073]

Postmortem investigations of the brain have shown a diffuse symmetric atrophy of the cerebral hemispheres, cerebellum, and brain stem and a diffusely enlarged ventricular system.[@b13-dnnd-6-073] The cut surface revealed a narrow tawny cortex, reduced and firm-elastic white matter, small, grayish-white basal ganglia, and depigmentation of the substantia nigra.[@b13-dnnd-6-073] Microscopy revealed closely packed cytoplasmic lipopigment granules displacing the nucleus of the nerve cells. The changes were diffusely distributed throughout the layers in all gyri, in the brain stem, and in the spinal cord. In the cerebellum, the pigment was particularly prominent in the Purkinje cells. The ganglion cells of the spinal ganglia contained fine lipopigment granules, whereas the roots and peripheral nerves showed loss of axons and myelin sheaths, but no granular deposits.[@b13-dnnd-6-073] Cytoplasmic deposits with the same staining properties as that found in the central nervous system can also be seen in the dorsal root ganglion cells and widely distributed in visceral organs and lymph nodes.[@b13-dnnd-6-073],[@b14-dnnd-6-073] In the myocardium, the deposits are mainly localized in the perinuclear region of the muscle fibers. In the spleen, thymus, lymph nodes, and bone marrow, they are seen in large reticuloendothelial cells, and in the kidney the storage material is found in the epithelium of the distal part of the collecting tubules.[@b14-dnnd-6-073] In the liver, deposits have been demonstrated in both parenchymal cells and Kupffer cells. In the intestinal walls, autonomous nerve cells show large accumulations, and variable amounts of fluorescent granular deposits can be found in the anterior lobe of the pituitary gland, pancreas, adrenals, thyroid gland, and gonads.[@b14-dnnd-6-073] The skeletal muscles show varying degrees of neurogenic atrophy, but autofluorescent granules are not prominent.[@b13-dnnd-6-073] In the heart, extensive deposition has been demonstrated in the sinus node, atrioventricular node, and bundle of His.[@b15-dnnd-6-073]

In accordance with postmortem and histologic investigations, magnetic resonance imaging reveals progressive cerebral and cerebellar atrophy.[@b16-dnnd-6-073] Cerebral atrophy is usually not found before the age of 9 years, whereas cerebellar atrophy is unusual before the age of 13 years.[@b16-dnnd-6-073] Cerebral atrophy appears first within the occipital cortex, whereas thinning of the frontal and parietal cortices occurs later. On magnetic resonance imaging, abnormally high intensity may be found in the white matter beside the lateral ventricle, and low-signal changes may be seen in the thalamus and basal ganglia.[@b16-dnnd-6-073]

Clinical symptoms
=================

The typical course relative to the time of onset (in average ranges) of specific clinical symptoms or milestones is outlined in [Table 1](#t1-dnnd-6-073){ref-type="table"}.

Vision loss
-----------

Functional vision impairment, including loss of visual acuity, is the first symptom that is most clearly linked to JNCL.[@b17-dnnd-6-073] It occurs as the first symptom in more than 80% of patients.[@b17-dnnd-6-073],[@b18-dnnd-6-073] The mean age at disease onset, as marked by a parental suspicion of vision loss, is around 5 years of age in males, and \~6 years of age in female,[@b18-dnnd-6-073] with presentation to an ophthalmologist at 5.5--8.5 years.[@b19-dnnd-6-073] Accordingly, in a Danish study, females were diagnosed significantly later than males, ie, 7.9±1.2 years and 7±1.2 years (mean ±2 standard deviations), respectively.[@b20-dnnd-6-073] At that time, children often have eccentric viewing or "overlooking": holding the eyes in a raised position when attempting to fixate.[@b19-dnnd-6-073] This feature is attributed to relative preservation of the superior peripheral retina, with loss of central and inferior visual fields. Rotary nystagmus may be present. At this point, there are no anterior segment abnormalities described.[@b19-dnnd-6-073] Fundus examination at presentation may range from normal to severe pigmentary retinopathy. Early in the disease, subtle granularity of the retinal pigment epithelium in the central macula may be present, although bull's-eye maculopathy is classically described. Later in the disease, optic nerve atrophy, vascular attenuation, and pigment accumulation in the peripheral retina develops. The rate of progression is extremely rapid in comparison to other retinal degeneration, leading to legal blindness within 1--2 years of presentation.[@b19-dnnd-6-073]

The electroretinogram shows significantly reduced rod-and cone-response amplitude, even at an early disease stage. At advanced-disease stages, the electroretinograms of JNCL patients show no recordable rod-mediated activity and significantly reduced cone-mediated activity.

Only very recently have pathological alterations beyond the retina and optic nerve been reported to be complications of JNCL.[@b21-dnnd-6-073] In their case series of 35 JNCL patients, Nielsen et al[@b21-dnnd-6-073] identified five patients with cataract, of which two developed acute glaucoma. The patients' age at detection of cataract was 20.1±1.6 years (mean ±2 standard deviations), and even though cataract may not impact vision in JNCL due to loss of retinal function, the authors recommended that investigation of the anterior segment should be performed routinely in JNCL patients beyond 16 years of age.[@b21-dnnd-6-073] The authors suggested that the mechanism for cataract formation in JNCL was related to their severe retinitis pigmentosa.[@b21-dnnd-6-073] Of note is the recent identification of a nonsyndromic retinal disease in patients with certain mutations in *CLN3* showing retinal degeneration phenotypes without additional signs of JNCL.[@b10-dnnd-6-073] This suggests that there likely are factors independent of neurodegeneration contributing to JNCL vision loss.

Cognitive decline
-----------------

Approximately 2 years after the onset of visual impairment, though sometimes simultaneously, obvious signs of cognitive impairment appear. Behavior problems can, especially in boys, occur in advance.[@b17-dnnd-6-073],[@b18-dnnd-6-073] Comprehension and short-time memory seem to be impaired early in the disease, as is attention, whereas auditory perception remains quite stable.[@b22-dnnd-6-073],[@b23-dnnd-6-073] Cognitive decline was first quantitatively described in the 1990s, including cases with repeat assessments that provided information on change in cognition over time.[@b24-dnnd-6-073] Follow-up periods were for 4--8 years, and a significant decline was observed.[@b24-dnnd-6-073] However, the particular combination of symptoms, including loss of vision and speech intelligibility,[@b23-dnnd-6-073] leads to limits on assessment. Many intelligence tests evaluate both verbal and reasoning skills, and even some verbal tasks, such as picture naming, require visual identification. In children with JNCL, vision loss excludes tests of nonverbal/visual reasoning, but loss of speech intelligibility eventually also limits the ability to provide verbal responses to language based tasks. In addition, behavioral impairments (see later) limit compliance within the evaluation process. No doubt, however, disease duration is inversely correlated with a significant cognitive decline,[@b23-dnnd-6-073] and following the teens, severe dementia is present, including loss of memory, attention, and general reasoning abilities, as well as a loss of independent adaptive skills such as mobility, feeding, and communicating.[@b9-dnnd-6-073],[@b23-dnnd-6-073]

The early mental impairment in JNCL indicates early habilitation. It is possible to teach Braille reading at an early age. After the age of 10 years, learning Braille becomes very difficult or even impossible, because of a short digit-memory span and impaired motor speed.[@b22-dnnd-6-073] If patients have learned to read Braille well at an early age, the ability may be preserved for several years.[@b22-dnnd-6-073]

Behavioral impairment
---------------------

Formal characterization of neurobehavioral features of JNCL started in the 1990s, and is primarily based on patient groups from Finland and North America.[@b9-dnnd-6-073],[@b17-dnnd-6-073],[@b23-dnnd-6-073]--[@b27-dnnd-6-073] These studies provided details of behavioral and mood impairments, including anxious and depressed mood, aggressive behavior, and hallucinations, and even psychotic symptoms.[@b23-dnnd-6-073]--[@b27-dnnd-6-073] The debut of these symptoms, along with cognitive impairment, appears to precede onset of motor impairment, and does not appear to be influenced by genotype.[@b9-dnnd-6-073],[@b27-dnnd-6-073] It has been hypothesized that behavioral symptoms may follow an inverse U-shaped function in which the problems initially worsen as disease advances, before dropping off in the later stages of the illness, as motor impairment limits the behavioral repertoire.[@b27-dnnd-6-073] However, there exists no formal characterization of behavioral features in patients with JNCL beyond 25 years of age. Behavioral and psychiatric symptoms have also been evaluated by using standardized questionnaires like the Child Behavior Checklist, Teacher's Report Form, and Children's Depression Inventory.[@b26-dnnd-6-073],[@b27-dnnd-6-073] These show increased-severity scores on internalizing, asocial, and externalizing domains like withdrawn or inattentive behavior, unusual or repetitive habits, uncooperative behavior, and disruptive behavior in the vast majority of patients. Many patients were described as routine-bound, ritualistic, and engaged in repetitive questioning or discussions. However, their need for routine seems not to be goal-directed, but may be a behavioral analog to echolalic speech and pervasive thoughts.[@b27-dnnd-6-073] Noteworthy is the fact that the patients themselves did not report depressive symptoms.[@b26-dnnd-6-073]

The hallucinations reported are often visual, and are of a frightening nature: snakes, lizards, lots of ants, flies, mice, or other terrifying sights such as "eyes in the ceiling", monsters, or threatening men. Some have delusions, also frightening, like "death of a family member or friend" or fear of being poisoned.[@b28-dnnd-6-073] The hallucinations can last for minutes, hours, or even several days, and the older the patient and the more cognitively they are affected, the more difficult is it for parental reassurance to have an impact. Females may exhibit greater anxiety and greater social difficulties.[@b25-dnnd-6-073] Pharmacotherapy for the behavioral symptoms can be necessary, but only limited research has been done[@b29-dnnd-6-073] and large controlled trials are very difficult or even impossible to conduct. In one Finnish pilot study,[@b29-dnnd-6-073] citalopram was the first-line drug used to treat depression and aggression, whereas risperidone was used to treat hallucinations, delusions, agitation, and restlessness. The clinical outcome was good or satisfactory in 70%, but adverse effects like fatigue and weight gain were seen in more than half the patients.[@b29-dnnd-6-073]

Sleep disturbances
------------------

In JNCL, sleep disorders are reported in more than half of patients, and may be the most disturbing factor in the patient's everyday life.[@b30-dnnd-6-073] The most typical problems are settling problems, nocturnal awakenings, and nightmares. In 2000, Kirveskari et al[@b30-dnnd-6-073] performed a very comprehensive investigation of 28 patients with JNCL (age range 6--27 years) using polysomnography, electrooculography, electromyography, electrocardiography, and electroencephalography (EEG). In the majority of patients, the total sleep time and sleep-efficiency index were significantly lower, and the average of non-rapid eye movement (REM) stage 1 and number of awakenings and stage shift were higher than in the control group. The percentage of REM sleep was significantly decreased. Sleep-structure abnormalities were evident throughout all age-groups, irrespective of whether the patients had shown sleep complaints or not, and irrespective of the degree of visual impairment. However, patients with complaints tended to have a more fragmented sleep. The younger patients with a less advanced-disease stage were also affected, but the percentages of non-REM stage 1 and the number of awakenings increased with age and progression of the disease. Half the patients had daytime sleepiness.

Sleep disturbances are probably connected to the progressive encephalopathy seen in JNCL. Accompanying blindness, epilepsy, dementia, and psychological factors may further predispose to sleep abnormalities. It is worth noting that disturbances in circadian hormonal rhythms have been demonstrated only at an advanced stage of the disease,[@b31-dnnd-6-073] and that even in JNCL patients with no light perception, light can penetrate the visual system to the hypothalamic and pineal levels and regulate their neuroendocrine functions.[@b32-dnnd-6-073]

Epilepsy
--------

The vast majority of, if not all, patients with JNCL develop seizures. Collectively, the NCL diseases are often cited within the group of progressive myoclonus epilepsy, an epileptic encephalopathy characterized by the presence of myoclonus, epilepsy, and progressive neurological deterioration.[@b33-dnnd-6-073] Differentiation among the many NCL types, however, is not made in reference to association with progressive myoclonus epilepsy. In addition, the distinction between epileptic and nonepileptic myoclonus is not consistently delineated, and it is now generally accepted that myoclonic seizures are not a hallmark of JNCL.[@b34-dnnd-6-073],[@b35-dnnd-6-073] JNCL is most commonly characterized by generalized tonic--clonic seizures,[@b34-dnnd-6-073],[@b35-dnnd-6-073] starting at approximately 10 years of age.[@b19-dnnd-6-073],[@b34-dnnd-6-073],[@b35-dnnd-6-073] Generalized tonic--clonic seizure occurs as the only type of seizure in approximately half of the patients, and in combination with partial seizures in a third of patients.[@b34-dnnd-6-073],[@b35-dnnd-6-073] Myoclonic seizures occur in less than a third of patients.[@b34-dnnd-6-073],[@b35-dnnd-6-073] There seems to be no difference in seizure severity according to sex or genotype.[@b34-dnnd-6-073],[@b35-dnnd-6-073] Seizures occur on average less frequently than once every 3 months, but there is great variation among patients, with some having none for years, others having two to three seizures every month. Seizure frequency showed a weak positive correlation with age in one study[@b35-dnnd-6-073] but not in another study.[@b34-dnnd-6-073] In a Finnish study from 2000 comprising 60 genetically verified patients with JNCL, consecutive EEG recordings were performed.[@b34-dnnd-6-073] Abnormal background activity was found as early as age 7 years, and consisted of slightly irregular delta, alpha and beta-activity. In older children, δ-activity was seen diffusely or as short focal episodes. Paroxysmal, generalized, irregular slow-wave discharges were seen in 30% of the recordings and focal spikes in less than 20%, usually in those 10 years of age or older. In later recordings, background activity became slower, and paroxysmal activity tended to increase with age. Clinically, there was no obvious correlation between the EEG findings and the severity of seizures.[@b34-dnnd-6-073] It has recently been shown that progressive bilateral hippocampal atrophy occurs in patients with JNCL, and that the annual loss of hippocampal volume exceeds the annual loss of total gray-matter volume.[@b36-dnnd-6-073] However, further studies are needed in order to establish a possible causal relationship among hippocampal atrophy and occurrence of epilepsy in JNCL.

There are limited data specifically regarding seizure treatment, and there exist no placebo-controlled studies. In a single open-label study from Finland, lamotrigine, either as initial, add-on, or substitution therapy, was well tolerated and associated with reductions in seizure frequency and severity.[@b37-dnnd-6-073] In another Finnish series, 70% responded well to valproate as initial monotherapy.[@b34-dnnd-6-073] In a recently published observational study from the University of Rochester (Rochester, NY, USA), including 86 patients with JNCL from different parts of the US,[@b35-dnnd-6-073] valproate and levetiracetam were the most commonly used medications. However, as it was an observational study and not an interventional trial, the authors were unable to discern whether the specific treatment-regimen rationale was due to common prescribing preferences of some of the clinicians treating the JNCL patients or whether it was a treatment regimen to which individuals with JNCL were particularly responsive.

Valproate is generally well tolerated when serum levels are maintained within the therapeutic range, but serious side effects like valproate-induced hyperammonemic encephalopathy (VHE) may occur.[@b38-dnnd-6-073] Known risk factors for VHE include a high valproate dosage, need for polytherapy, and long duration of treatment, which are all incidents that occur in patients with JNCL.[@b34-dnnd-6-073] In addition, individuals with JNCL often have a reduced level of carnitine,[@b39-dnnd-6-073] which further increases the risk of VHE. In accordance, valproate-induced hyperammonemia and VHE have been described in JNCL, and attention to VHE should be given to JNCL patients treated with valproate, especially in case of polytherapy and long-lasting treatment.[@b40-dnnd-6-073] However, it is generally accepted that valproate and also lamotrigine, levetiracetam, and clonazepam are drugs that can be recommended as antiepileptic medicine in JNCL.[@b34-dnnd-6-073],[@b35-dnnd-6-073] Opposite this, carbamazepine and phenytoin have in case reports and case series been reported to be unfavorable in patients with JNCL.[@b41-dnnd-6-073],[@b42-dnnd-6-073] This has been further exacerbated by documentation that patients with JNCL develop disturbances of the cardiac conduction system, including the sinus node, the atrioventricular node, and the bundle of His.[@b15-dnnd-6-073],[@b43-dnnd-6-073]

Motor impairment
----------------

Motor impairment can be divided into: 1) loss of function relative to voluntary movements, including loss of speech function and food intake; and 2) appearance of involuntary movements. In addition, 3) loss of control of micturition and defecation occur.

At the time of diagnosis, children with JNCL can walk, jump, and run normally, and commonly they do not have any fine-motor problems. However, soon after, they begin to have slight ataxic symptoms, and at adolescence extra-pyramidal symptoms (rigidity, bradykinesia, slow steps with flexion in hips and knees, and shuffling gait) occur with increasing frequency. Unlike Parkinson's disease, tremor is uncommon. The extrapyramidal signs in JNCL lead to a severe impairment of spontaneous movement and gradually to a bedridden state. In a Finnish series comprising 53 patients with JNCL, the mean age at first sign of a parkinsonian type of walking was 13.7 years.[@b41-dnnd-6-073] Naturally, the ataxia and extrapyramidal dysfunction associated with amblyopia lead to a severe disturbance of locomotion, and use of a wheelchair becomes obligatory within a few years. In the Finnish study, the patients lost their ability to walk at a mean age of 17.3 years. In a recent Danish study, females were dependent upon daily use of a wheelchair at the age of 17 (range 13.8--20.6) years, which was significantly earlier than in males, in which the mean age at use of a wheelchair on a daily basis was 20.2 (range 14.3--22.1) years.[@b20-dnnd-6-073] From positron-emission tomography and single-photon-emission computed tomography studies, it seems evident that both thalamic dysfunction and nigrostriatal and striatal dysfunction contribute to the parkinsonian signs in JNCL.[@b44-dnnd-6-073],[@b45-dnnd-6-073] Only one controlled study has been published regarding antiparkinsonian treatment of patients with JNCL.[@b46-dnnd-6-073] This study included eight patients of which four received placebo. No effect was found. In an open study of 21 patients, of which ten received levodopa, six received selegiline, and five served as a control group, mean scores on the Unified Parkinson's Disease Rating Scale (UPDRS) decreased significantly in the levodopa group when compared with the control group.[@b47-dnnd-6-073] However, not all levodopa-treated patients showed a decrease in UPDRS score, and larger controlled trials are needed to determine the long-term outcome of antiparkinsonian treatment in JNCL.[@b47-dnnd-6-073]

Speech is an important indicator of motor function and movement coordination, and is thus an extremely sensitive marker of changes due to neurodegeneration. In accordance, in all individuals with JNCL, speech and communication skills will deteriorate. However, there are large individual differences, with some individuals showing their first signs of language disability early at school, while others may not show such difficulties until well into their teens. In some cases, speech disappears completely, but poor intelligibility due to articulatory dysfunction is a more common problem than a total lack of speech.[@b48-dnnd-6-073] Other changes that have been observed include increased dysfluency (stuttering or cluttering) and a greater prevalence of omissions of inflections at the end of words, splitting of words, word-finding problems, incorrect or idiosyncratic use of words without showing awareness of it, odd word constructions, syntactic errors, and problems initiating conversations.[@b48-dnnd-6-073] For some patients with JNCL, word-finding problems may be most apparent, while dysfluency of speech is the greatest problem for others. As the disease progresses, both word comprehension and speech production become increasingly dependent on being in a situation that is familiar and does not contain too many disturbing elements. As stuttered or cluttered speech progress, the speech may become unintelligible even to those who know the person well,[@b48-dnnd-6-073] and the deterioration in speech and communication skills is a major source of despair. Due to the development of extrapyramidal symptoms, it may be tempting to compare the speech disturbance in JNCL with that present in Parkinson's disease, the so-called hypokinetic dysarthria, presenting with prosodic insufficiency, related to a monotony of pitch and intensity, a reduction of accentuation, variable speech rate, and possible phoneme imprecision. Unfortunately, there are very few descriptions of speech changes in individuals with JNCL, and a thorough and detailed investigation of the underlying neurological dysfunction is missing. Dysarthria is the most commonly used word in the description of the progressive speech abnormality in JNCL. However, it remains to be elucidated whether there is both a hypokinetic, spastic, or ataxic component.

In view of the oral motor dysfunctions, chewing and swallowing difficulties emerge as well, and food intake is hampered in the late teens. To ensure adequate fluidic and caloric intake, gastric feeding is required, which currently is done via percutaneous endoscopic gastrostomy-tube placement. In a recent Danish study comprising 35 patients with JNCL,[@b20-dnnd-6-073] a percutaneous endoscopic gastrostomy tube was found necessary in females 17.8--22.3 years of age (mean 19.8 years) and in males 19.8--27.1 years of age (mean 24 years).

Just as lesions of the basal ganglia in JNCL may lead to failure to facilitate desired movements (eg, the hypokinetic parkinsonian signs), failure to inhibit unwanted hyperkinetic movements may occur. Accordingly, involuntary movements have been described in JNCL,[@b28-dnnd-6-073],[@b49-dnnd-6-073],[@b50-dnnd-6-073] but only anecdotally. In their clinical study from 1979, Sørensen and Parnas[@b28-dnnd-6-073] reported that in some patients they observed "dystonic seizures lasting as long as 1 hour, with oculogyric crisis, at times accompanied by dystonia in the neck and throat muscles". In certain cases, the dystonia was accompanied by anxiety. It "either stopped spontaneously or rather unpredictably following administration of choral hydrate or diazepam". In one patient, an EEG was obtained during the attack, but there was no simultaneous paroxysmal activity seen. Also, in a case series from a Dutch residential institution for JNCL-affected children and young people,[@b49-dnnd-6-073] periodically involuntary movements were described. They occurred particularly with regard to intentional actions like lifting the patient from a bed to a wheelchair. These involuntary movements disappeared during sleep, but were otherwise unable to be suppressed totally by medication, and were perceived and described as myoclonias. The presence of a more or less continuous appearance of the involuntary movements, an urge to move constantly leading to sweating, increase in temperature, and exhaustion was also described.[@b49-dnnd-6-073] Elkay et al reported two sisters with JNCL who developed severe generalized dystonia culminating in dystonic storm.[@b50-dnnd-6-073] In addition to intubation and sedation, multiple medications, including botulinum toxin injections and intrathecal baclofen infusions, were tried in both patients without benefit. Ultimately, one sister was treated with bilateral pallidotomy, with a partial and transient effect, whereas the other sister received bilateral pallidotomy and deep-brain stimulation. Following the operation, she was free of abnormal movements for 7 months. Subsequently, adjusting the deep stimulations was able to maintain a reduction in her abnormal movements.[@b50-dnnd-6-073]

There exists no systematic or thorough investigation of occurrence of involuntary movements in JNCL, and even less do we know concerning their etiology. In the cases described from Denmark and the Netherlands,[@b28-dnnd-6-073],[@b49-dnnd-6-073] it appears that involuntary movements occurred periodically, that the intensity and duration of involuntary movements may gradually increase, that patients seemed anxious and often demonstrated a fixed upward gaze, and that there were accompanying sweating and temperature increase. There was no simultaneous paroxysmal activity seen on EEG, although mental status seemed reduced. Sometimes, the movements were initiated by intentional actions like lifting the patient from bed to a wheelchair. Other times, the symptoms started for no apparent reason. The attacks seemed rather resistant to medical treatment, but seemed to disappear during sleep.[@b49-dnnd-6-073] In the two sisters reported by Elkay et al,[@b50-dnnd-6-073] severe generalized dystonia culminated in what was called a dystonic storm. Currently, there is no internationally agreed definition for dystonic storm or status dystonicus, but generally the mental status is described as normal, and there are no sweating or pupil alterations.[@b51-dnnd-6-073] This is in contrast to descriptions in patients with JNCL,[@b28-dnnd-6-073],[@b49-dnnd-6-073] which seem better suited to paroxysmal autonomic instability with dystonia, also called paroxysmal sympathetic storms.[@b51-dnnd-6-073],[@b52-dnnd-6-073] Until now, there have been no studies to specifically investigate the autonomic system in JNCL or sympathetic activity during periods of involuntary movements, but from postmortem studies we know that granular deposits are accumulated in the dorsal root ganglion cells and that peripheral nerves show loss of their axons and myelin sheaths.[@b13-dnnd-6-073],[@b14-dnnd-6-073] In addition, with advancing age, a significant reduction in parasympathetic activity on the heart has been demonstrated in patients with JNCL.[@b43-dnnd-6-073] If this reduction in parasympathetic activity is a more generalized phenomenon, it may lead to an autonomic disturbance with sympathetic hyperactivity in JNCL. A chronic and progressive generalized autonomic failure is a clinical hallmark in neurodegenerative disorders such as multiple-system atrophy and Parkinson's disease,[@b53-dnnd-6-073] to which JNCL has some similarities. Therefore, future studies should focus on the possible component of autonomic dysfunction in patients with JNCL.

There exist no exploratory studies of bladder or bowel function in patients with JNCL, but like in other neurodegenerative disorders,[@b53-dnnd-6-073],[@b54-dnnd-6-073] patients with JNCL gradually lose control of micturition and defecation. Clinically, the bladder dysfunction seems to be a reduced detrusor activity leading to incomplete bladder emptying, increased postvoid residual volume, and eventually urinary retention, thus mimicking multiple-system atrophy more than Parkinson's disease. Behavioral and emotional influences may affect the reflex of micturition as well, by integration via inputs from the frontal lobe.[@b54-dnnd-6-073]

Cardiac involvement
===================

Disease involvement of the heart has been described in early case series[@b28-dnnd-6-073],[@b55-dnnd-6-073] and in autopsy studies,[@b15-dnnd-6-073] but it was not until 2011 that a systematically or thoroughly clinical investigation of the cardiac involvement in JNCL was reported.[@b43-dnnd-6-073] In a Danish cross-sectional and follow-up study comprising 29 patients with JNCL, progressive cardiac involvement with repolarization disturbances, expressed by abnormally deeply inverted T waves, ventricular hypertrophy, and sinus-node dysfunction, ultimately leading to severe bradycardia and/or other conduction abnormalities, were demonstrated.[@b43-dnnd-6-073] The inverted T waves were present as early as 14 years of age, and were associated with an increased risk of death during the 7.5-year follow-up period. With increased age, heart rate and heart-rate variability, expressed as the vagal index, were significantly reduced, suggesting an age-dependent bidirectional effect of the heart rate: one through decreasing parasympathetic activity on the heart and the other through a direct negative influence on sinus-node automaticity.[@b43-dnnd-6-073] Four of seven patients beyond 20 years of age had hypertrophy of the left ventricular walls, but the ejection fractions were within normal limits. The demonstrated impact of the cardiac conduction system and the cardiac muscles are in accordance with postmortem studies, in which deposition of lipopigment occurs extensively in the sinus node, as well as in the atrioventricular node and in the bundle of His.[@b15-dnnd-6-073] In electrocardiography recordings, severe bradycardia, including sinus arrests for periods as long as 22 seconds, has been demonstrated[@b55-dnnd-6-073] and treatment with a pacemaker may be necessary and appropriate in order to increase quality of life. However, the general clinical condition of the patient should be taken into consideration. Due to the progressive cardiac symptoms, surveillance for heart involvement should be performed at least once every year beyond the age of 18 years.[@b43-dnnd-6-073]

Hormonal changes
================

Hyperandrogenism, characterized by acne, hirsutism, and/or hyperandrogenemia, is a common finding in girls with JNCL.[@b56-dnnd-6-073] In addition, menarche occurs approximately 18 months earlier than in healthy controls.[@b19-dnnd-6-073],[@b56-dnnd-6-073] No single causative factor has been found to be responsible, but the neurodegenerative process and medication used in symptomatic treatment for epilepsy (ie, valproate) and psychosis (ie, risperidone) may also contribute to these findings. In boys, an increased incidence of acne is also present, and puberty starts and ends earlier than in healthy controls.

Disease course
==============

Following progressive visual failure starting at 5--7 years of age, development of epilepsy and behavioral disturbances at 8--10 years of age, followed by dementia and motor dysfunction, patients are usually bedridden at 20 years of age, and death usually occurs in the third decade of life.[@b18-dnnd-6-073],[@b20-dnnd-6-073],[@b41-dnnd-6-073] Based on impressions from parental anecdotes, it has been suggested that females may have a more precipitous decline than males. This sex difference in disease course has been verified in both a North American study and a Danish study.[@b18-dnnd-6-073],[@b20-dnnd-6-073] Females demonstrated earlier loss of independent functions, had lower quality of life, and died approximately 18 months earlier. There is no obvious explanation for the demonstrated sex difference in JNCL, which is also in contrast to adult-onset neurodegenerative diseases like Parkinson's, in which female sex is often associated with a milder disease course.[@b57-dnnd-6-073]

Diagnostic strategy
===================

The typical patient who should be suspected as having JNCL is a school-age child with visual loss and/or dementia and epilepsy. In cases of visual impairment, many parents send their child to an ophthalmologist, who by fundus examination will find a pigmentary retinopathy. Early in the disease, subtle granularity of the retinal pigment epithelium in the central macula may be present, although classical bull's-eye maculopathy may also be seen. The testing strategy, including gene testing in order to confirm or establish the diagnosis of JNCL, appears in [Table 2](#t2-dnnd-6-073){ref-type="table"}.

Treatment
=========

Currently, there exists no curative treatment, and all treatment for JNCL is symptomatic and palliative. Animal models may point to new treatment strategies.[@b58-dnnd-6-073] An autoimmune component has been proposed.[@b59-dnnd-6-073] A 1-year trial with intermittent systemic prednisolone (dose 0.75 mg/kg/day, maximum 40 mg/day, for 10 days in each of 12 months) in eight children with JNCL was reported to increase IQ in two subjects. In two other children, the presence of anti-GAD65 antibodies was cleared during treatment, but there was no correlation between increase in IQ and the existence of GAD65 antibodies.[@b60-dnnd-6-073] One patient was withdrawn after 3 months due to behavioral side effects, and two patients experienced recurrent infections during prednisolone treatment. A 16-week double-crossover clinical trial of mycophenolate mofetil has been completed (NCT01399047), but so far no results have been published.

Symptomatic and palliative treatment represents a significant challenge, due to the wide range of symptoms from the different body systems affected. Recommendations in relation to individual organ manifestations have been provided under individual headings. The medications most often used in epilepsy and behavioral impairment are summarized in [Table 3](#t3-dnnd-6-073){ref-type="table"}. Due to progressive brain degeneration, the effectiveness of medication may change over time, and due to the need for polypharmacy there is a great risk of unexpected toxicity. Besides anticonvulsive treatment, such symptoms as sleep disturbances, fear, aggressive behavior, depression, and hallucinations represent a certain challenge. Recognition of contexts and possible trigger factors are helpful, in order to manage possible environmental exacerbating factors. It is necessary to keep patients hydrated and nourished, the use of a percutaneous gastric tube should be considered, and one must be aware of urinary tract infections and pulmonary infections, which may exacerbate hallucinations, anxiety, and involuntary movements. Basic functions such as urination and defecation should be monitored, in order to avoid or to reduce the risk of urinary retention and constipation, which can further worsen quality of life. The disease leads relentlessly to death, and professionals should in due time inform and talk to the relatives of the progress and the likely course of the final period.
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###### 

Typical time course relative to onset (years in average ranges) of specific clinical symptoms or milestones in patients with juvenile neuronal ceroid lipofuscinosis

  Average age range (years) at onset   Clinical symptoms/clinical milestones
  ------------------------------------ ---------------------------------------------------
  5--6                                 Parental suspicion of vision loss
  6--8                                 Cognitive decline leading to dementia
  6--8                                 Behavioral impairment
  7--9                                 Diagnosis
  8--10                                Sleep disturbances
  9--11                                Legal blindness
  10--12                               Epilepsy
  11--14                               Hallucinations -- delusions
  11--17                               Speech impairment
  12--15                               Parkinsonian walking
  14--20                               Cardiac involvement
  15--22                               Daily use of wheelchair
  16--20                               Bladder and bowel dysfunction
  17--24                               Involuntary movements (attacks of anxiety)
  18--22                               Risk of caratact and glaucoma
  18--27                               Need for percutaneous endoscopic gastrostomy tube

###### 

Testing strategy to confirm or establish the diagnosis of juvenile neuronal ceroid lipofuscinosis

  Diagnostic algorithm                                                                                                       Molecular genetic test(s) for
  -------------------------------------------------------------------------------------------------------------------------- -----------------------------------------
  Search for lymphocyte vacuoles (light microscopy)                                                                          
   If lymphocyte vacuoles are present                                                                                        *CLN3*
  If no lymphocyte vacuoles are found, perform enzyme tests for PPT1, TPP1, and cathepsin D                                  
   At PPT1 deficiency                                                                                                        *CLN1*
   At TPP1 deficiency                                                                                                        *CLN2*
   At cathepsin D deficiency                                                                                                 *CLN10*
  If PPT1 and TPP1 enzyme activities are normal, do electron microscopy examination of intacellular storage in skin biopsy   
   If storage material is present                                                                                            *CLN5*; *CLN6*, *CLN7*; *CLN8*, *CLN12*

###### 

Medications most often used in epilepsy and behavioral impairment in patients with juvenile neuronal ceroid lipofuscinosis (JNCL)

  Symptom                   Medication                                                           Special comments when used in patients with JNCL
  ------------------------- -------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------
  **Epilepsy**              Valproate                                                            Be aware of hyperammonemia and valproate-induced hyperammonemic encephalopathy. Supplementation with L-carnitine may reduce the risk.
  Levetiracetam             Severe agitation has been reported in JNCL patients.                 
  Lamotrigine                                                                                    
  Clonazepam                May also have a positive effect of restlessness.                     
  Topiramate                Risk of agitation has been reported in JNCL patients.                
  **Behavioral symptoms**   Citalopram                                                           Especially for depression and aggression.
  Risperidone               In cases of hallucinations, delusions, agitation, or restlessness.   
                            Be aware of possible extrapyramidal side effects.                    
                            Do not exceed 2 mg/24 hours.                                         
